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Description

[Technical Field]

[0001] The presentinvention relates to a Fourier spec-
trum analyzer.
[0002] Priority is claimed on Japanese Patent Applica-

tion No.2019-011586, filed January 25,2019, the content
of which is incorporated herein by reference.

[Background Art]

[0003] A Fourier spectroscopic analyzer is a device
that analyzes a sample by irradiating the sample with
light including a plurality of wavelength components, re-
ceiving light passing through the sample, and performing
a Fourier transform process on the acquired light-recep-
tion signal to acquire a spectrum, for example, a wave-
number spectrum, of light passing through the sample.
The Fourier spectroscopic analyzer includes a light
source that emits light including a plurality of wavelength
components, an interferometer that acquires light which
is applied to a sample (coherent light, which is also re-
ferred to as an interferogram) by causing beams of light
emitted from the light source to interfere with each other,
a light receiver that receives light passing through the
sample (also referred to as reflected light or transmitted
light), and a signal processor that performs the Fourier
transform process.

[0004] For example, a Michelson interferometer in-
cluding a half mirror, a fixed mirror, and a mobile mirror
can be used as the interferometer. This interferometer
acquires an interferogram which is applied to a sample
by dividing light emitted from a light source into first di-
vided lighttraveling to the fixed mirror and second divided
light traveling to the mobile mirror using the half mirror
and causing the first divided light reflected by the fixed
mirror and the second divided light reflected by the mobile
mirror to interfere with each other.

[0005] Non Patent Literature 1 discloses an example
of a Fourier spectroscopic analyzer according to the re-
lated art. Specifically, Non Patent Literature 1 discloses
a Fourier spectroscopic analyzer that can exclude an in-
fluence of an environmental variation such as a temper-
ature change by dividing an interferogram into two inter-
ferograms, individually receiving an interferogram pass-
ing through a sample and an interferogram not passing
through the sample, performing the Fourier transform
process on the acquired light-reception signals to acquire
spectra thereof, and performing a correction process us-
ing the two spectra.

[Citation List]
[Non Patent Literature]

[0006] [Non Patent Literature 1]
Tomoaki NANKO and two others, "Near-infrared Spec-
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troscopy System InfraSpec NR800," Yokokawa'’s Tech-
nical Report, Vol. 45, No. 3, 2001

[Summary of Invention]
[Technical Problem]

[0007] The Fourierspectroscopic analyzeracquires an
interferogram which is modulated light by causing a
change in an optical path length difference indicating a
difference between an optical path length of the first di-
vided light and an optical path length of the second di-
vided light using a mobile mirror provided in the interfer-
ometer. Accordingly, a sample which is analyzed by the
Fourier spectroscopic analyzer is basically based on the
premise that there is no change with time in optical char-
acteristics or that a change speed is much slower than
amoving speed of the mobile mirror provided in the inter-
ferometer even if there is a change with time in optical
characteristics.

[0008] On the other hand, when the Fourier spectro-
scopic analyzer is used in various fields, it is conceivable
that a sample of which optical characteristics change
faster with respect to the moving speed of the mobile
mirror will be used as an analysis target. For example,
in industrial processes or chemical processes, it is con-
ceivable that fluid or particulate matter in which particles
float, a mobile object on which a light scattering surface
including an uneven surface is formed, or a sample with
fluidity which is agitated and suspended in an agitation
vessel will be used as an analysis target of the Fourier
spectroscopic analyzer.

[0009] When such a sample of which optical charac-
teristics change relatively fast is analyzed using the Fou-
rier spectroscopic analyzer, an interferogram passing
through the sample changes due to a change with time
in optical characteristics of the sample. In other words,
an interferogram passing through a sample is modulated
due to a change with time in optical characteristics of the
sample. Accordingly, noise including many low-frequen-
cy components, so-called "coloring noise," is superim-
posed on an interferogram passing through the sample.
Noise superimposed on the interferogram remains as
noise even if a Fourier transform process is performed
thereon, and thus analysis accuracy may decrease.
[0010] An aspect of the invention provides a Fourier
spectroscopic analyzer that can realize high analysis ac-
curacy for even a sample of which a change with time in
optical characteristics occurs.

[Solution to Problem]

[0011]
(1) A Fourier spectroscopic analyzer according to
one aspectof the present application includes: afirst

light source that emits light including a wavelength
component in a first wavelength band which is a
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wavelength bandin which a spectrum of light passing
through a sample is acquired and a wavelength com-
ponent in a second wavelength band different from
the first wavelength band; a second light source that
emits light including the wavelength component in
the second wavelength band; an interferometer that
acquires an interferogram which is coherent light
from the light emitted from the first light source; a
first light coupling optical system that couples light
emitted from the second light source to at least one
of light emitted from the first light source and the
interferogram acquired by the interferometer; a light
receiver that outputs a first light-reception signal ac-
quired by receiving light including the wavelength
component in the first wavelength band out of the
wavelength componentsincludedin the light passing
through the sample and a second light-reception sig-
nal acquired by receiving light including the wave-
length component in the second wavelength band;
and a signal processor that performs a Fourier trans-
form process on the first light-reception signal and
the second light-reception signal to acquire a spec-
trum of the wavelength component in the first wave-
length band with noise removed therefrom.

(2) Inthe above-described Fourier spectroscopic an-
alyzer, the first light coupling optical system may be
provided between the interferometer and the sample
and couple light emitted from the second light source
to the interferogram acquired by the interferometer.
(3) Inthe above-described Fourier spectroscopic an-
alyzer, the first light coupling optical system may be
provided between the first light source and the inter-
ferometer and couple light emitted from the second
light source to light emitted from the first light source.
(4) Inthe above-described Fourier spectroscopic an-
alyzer, the light receiver may include: a first detector
configured to receive a wavelength component in a
third wavelength band including the first wavelength
band and the second wavelength band; a second
detector configured to receive the wavelength com-
ponent in the third wavelength band; and a divider
configured to divide the light passing through the
sample into the wavelength component in the first
wavelength band which is incident on the first detec-
tor and the wavelength component in the second
wavelength band which is incident on the second
detector.

(5) Inthe above-described Fourier spectroscopic an-
alyzer, the divider may include a dichroic mirror that
reflects the wavelength component in the first wave-
length band and transmits the wavelength compo-
nent in the second wavelength band.

(6) Inthe above-described Fourier spectroscopic an-
alyzer, the divider may include a dichroic mirror that
transmits the wavelength component in the first
wavelength band and reflects the wavelength com-
ponent in the second wavelength band.

(7) Inthe above-described Fourier spectroscopic an-
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alyzer, the divider may include: a half mirror that di-
vides the light passing through the sample into first
light traveling to the first detector and second light
traveling to the second detector; a first filter that ex-
tracts the wavelength component in the first wave-
length band from the wavelength component includ-
ed in the first light and causes the extracted wave-
length component to be incident on the first detector;
and a second filter that extracts the wavelength com-
ponent in the second wavelength band from the
wavelength component included in the second light
and causes the extracted wavelength component to
be incident on the second detector.

(8) Inthe above-described Fourier spectroscopic an-
alyzer, the light receiver may include: a first detector
in which a detection sensitivity to the wavelength
component in the first wavelength band is higher
than thatto the wavelength componentin the second
wavelength band; and a second detector in which a
detection sensitivity to the wavelength component in
the second wavelength band is higher than that to
the wavelength component in the first wavelength
band.

(9) Inthe above-described Fourier spectroscopic an-
alyzer, the first detector and the second detector may
be sequentially disposed on an optical path of the
light passing through the sample.

(10) In the above-described Fourier spectroscopic
analyzer, the signal processor may: individually per-
form the Fourier transform process on the first light-
reception signal and the second light-reception sig-
nal to acquire a first Fourier transform signal for the
first light-reception signal and a second Fourier
transform signal for the second light-reception sig-
nal; remove noise from the first Fourier transform
signalon the basis of the first Fourier transform signal
and the second Fourier transform signal; and calcu-
late a spectrum of the first light-reception signal on
the basis of the first Fourier transform signal from
which noise has been removed.

(11) In the above-described Fourier spectroscopic
analyzer, the first light source may be a halogen
lamp, and the second light source may be a light
source including a semiconductor light-emitting ele-
ment.

(12) The above-described Fourier spectroscopic an-
alyzer may further include a memory that stores the
first light-reception signal and the second light-re-
ception signal, wherein the signal processor may cal-
culate the spectrum using the first light-reception sig-
nal and the second light-reception signal which are
stored in the memory.

(13) In the above-described Fourier spectroscopic
analyzer, the first light source may emit light of 1
[wm] to 2.5 [um] as the first wavelength band and
emits light of 0.5 [um] to 1 [um] as the second wave-
length band.

(14) In the above-described Fourier spectroscopic
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analyzer, the Fourier spectroscopic analyzer may
further include: a third light source that emits light
including the wavelength component in the first
wavelength band; and a second light coupling optical
system thatis provided between the first light source
and the interferometer and couples light emitted from
the third light source to light emitted from the first
light source.

(15) The above-described Fourier spectroscopic an-
alyzer may further include: a third light source that
emits light including the wavelength component in
the first wavelength band; and a second light cou-
pling optical system that is provided between the
interferometer and the sample and couples light
emitted from the third light source to the interfero-
gram acquired by the interferometer.

[Advantageous Effects of Invention]

[0012] According to the aspect of the invention, it is
possible torealize high analysis accuracy for even asam-
ple of which a change with time in optical characteristics
occurs.

[Brief Description of Drawings]
[0013]

FIG. 1 is a block diagram illustrating a principal con-
figuration of a Fourier spectroscopic analyzer ac-
cording to a first embodiment of the invention.

FIG. 2Ais a block diagram illustrating a first example
of a light receiver which is provided in the Fourier
spectroscopic analyzer according to the first embod-
iment of the invention.

FIG. 2B is a diagram illustrating optical characteris-
tics of the first example of the light receiver which is
provided in the Fourier spectroscopic analyzer ac-
cording to the first embodiment of the invention.
FIG. 3A is a block diagram illustrating a second ex-
ample of the light receiver which is provided in the
Fourier spectroscopic analyzer according to the first
embodiment of the invention.

FIG. 3B is a diagram illustrating optical characteris-
tics of the second example of the light receiver which
is provided in the Fourier spectroscopic analyzer ac-
cording to the first embodiment of the invention.
FIG.4Ais ablock diagramillustrating a third example
of the light receiver which is provided in the Fourier
spectroscopic analyzer according to the first embod-
iment of the invention.

FIG. 4B is a diagram illustrating optical characteris-
tics of the third example of the light receiver which
is provided in the Fourier spectroscopic analyzer ac-
cording to the first embodiment of the invention.
FIG. 5 is a block diagram illustrating a first example
of a signal processor which is provided in the Fourier
spectroscopic analyzer according to the first embod-
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FIG. 6 is a block diagram illustrating a second ex-
ample of the signal processor which is provided in
the Fourier spectroscopic analyzer according to the
first embodiment of the invention.

FIG. 7A is a diagram illustrating an example of an
interferogram when optical characteristics of a sam-
ple SP do not change with time in the first embodi-
ment of the invention.

FIG. 7B is a diagram illustrating an example of an
interferogram when optical characteristics of a sam-
ple SP change with time in the first embodiment of
the invention.

FIG.7Cisadiagramillustrating awavenumber spec-
trum of the interferogram illustrated in FIG. 7A.
FIG.7Disadiagramillustrating awavenumber spec-
trum of the interferogram illustrated in FIG. 7B.
FIG. 8A is a diagram illustrating an example of a
spectrum of a light-reception signal in the first em-
bodiment of the invention.

FIG. 8B is a diagram illustrating an example of a
spectrum of another light-reception signal in the first
embodiment of the invention.

FIG. 8C is a diagram illustrating an example of a
spectrum in which noise due to a change with time
in optical characteristics of a sample has been re-
moved in the first embodiment of the invention.
FIG. 9 is a block diagram illustrating a principal con-
figuration of a Fourier spectroscopic analyzer ac-
cording to a second embodiment of the invention.
FIG. 10is ablock diagram illustrating a principal con-
figuration of a Fourier spectroscopic analyzer ac-
cording to a third embodiment of the invention.
FIG. 11is ablock diagram illustrating a principal con-
figuration of a Fourier spectroscopic analyzer ac-
cording to an example.

FIG. 12 is a diagram illustrating a measurement re-
sult of an interferogram passing through a sample in
the example.

FIG. 13A is a diagram illustrating a wavenumber
spectrum in a wavenumber range of 0 [cm-1] to 5000
[em].

FIG. 13B is a diagram illustrating a wavenumber
spectrum in a wavenumber range of 4000 [cm™] to
5000 [em-].

FIG. 14A is a diagram illustrating an absorbance
spectrum in air in the example.

FIG. 14B is a diagram illustrating a difference spec-
trum indicating a difference between an absorbance
spectrum illustrated in FIG. 14A in the example and
an absorbance spectrum in water.

FIG. 15 is a diagram illustrating imbalance of the
difference spectrum illustrated in FIG. 14B.

[Description of Embodiments]

[0014] Hereinafter, a Fourier spectroscopic analyzer
according to an embodiment of the invention will be de-
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scribed in detail with reference to the accompanying
drawings.

[First embodiment]

<Principal configuration of Fourier spectroscopic analyz-
er>

[0015] FIG. 1is a block diagram illustrating a principal
configuration of a Fourier spectroscopic analyzer accord-
ing to a first embodiment of the invention. As illustrated
in FIG. 1, the Fourier spectroscopic analyzer 1 according
to the first embodiment includes a light source 10 (also
referred to as a first light source), an interferometer 20,
alightreceiver 30, and a signal processor 40. The Fourier
spectroscopic analyzer 1 analyzes a sample SP by irra-
diating the sample SP with light L1 including a plurality
of wavelength components, receiving light L2 passing
through the sample SP, and performing a Fourier trans-
form process on the acquired light-reception signals S1
and S2 to acquire a spectrum of the light L2 passing
through the sample SP, for example, a wavenumber
spectrum.

[0016] Anarbitrary material can be used as the sample
SP, and it is assumed that a material of which optical
characteristics change with time is used in the first em-
bodiment. For example, a fluid or particulate matter in
which particles float, a mobile object on which a light scat-
tering surface including an uneven surface is formed, or
a sample with fluidity which is agitated and suspended
in an agitation vessel in industrial processes or chemical
processes can be used. Examples of the light L2 passing
through the sample SP include reflected light reflected
by the sample SP and transmitted light transmitted by
the sample SP, and it is assumed that transmitted light
transmitted by the sample SP is used in the first embod-
iment.

[0017] The light source 10 is a light source that emits
light LO including a plurality of wavelength components.
An arbitrary light source can be used as the light source
10 according to optical characteristics of the sample SP.
For example, a light source having a broad wavelength
band such as a halogen lamp or a light source including
a semiconductor light-emitting element such as a laser
diode (LD) or a light emitting diode (LED) can be used.
In the first embodiment, a halogen lamp is used as the
light source 10. For example, the wavelength band width
of the halogen lamp has a range of about 350 [nm] to
4500 [nm].

[0018] The interferometer 20 causes beams of light LO
emitted from the light source 10 to interfere with each
other and acquires light (coherent light, which is also re-
ferred to as an interferogram) L1 which is applied to a
sample. An arbitrary interferometer can be used as the
interferometer 20, and it is assumed that a Michelson
interferometer including a half mirror 21, a fixed mirror
22, and a mobile mirror 23 is used as the interferometer
20 in the first embodiment.
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[0019] The half mirror 21 divides the light LO emitted
from the light source 10 into divided light L11 traveling
to the fixed mirror 22 and divided light L12 traveling to
the mobile mirror 23. The half mirror 21 divides the light
LO emitted from the light source 10, for example, at an
intensity ratioof 1:1. The half mirror 21 causes the divided
light L11 reflected by the fixed mirror 22 and the divided
light L12 reflected by the mobile mirror 23 to interfere
with each other to acquire an interferogram L1.

[0020] The fixed mirror 22 is disposed on an optical
path of the divided light L11 in a state in which a reflecting
surface thereof faces the half mirror 21. The fixed mirror
22 reflects the divided light L11 divided by the half mirror
21 toward the half mirror 21. The mobile mirror 23 is dis-
posed on an optical path of the divided lightL12 in a state
in which a reflecting surface thereof faces the half mirror
21. The mobile mirror 23 reflects the divided light L12
divided by the half mirror 21 toward the half mirror 21.
The mobile mirror 23 is configured to reciprocate along
the optical path of the divided light L12 through the use
of a drive mechanism which is not illustrated. A recipro-
cating speed of the mobile mirror 23 is set to, forexample,
five times per second.

[0021] By causing the mobile mirror 23 to reciprocate,
wavelength components included in the light LO emitted
from the light source 10 are modulated at different fre-
quencies. For example, a wavelength component having
a relatively small wavelength is intensity-modulated at a
frequency higher than that of a wavelength component
having arelatively large wavelength. In the interferogram
L1 acquired by the interferometer 20, the wavelength
components intensity-modulated at different frequencies
are superimposed.

[0022] The light receiver 30 includes a detector 31 (al-
so referred to as a first detector) and a detector 32 (also
referred to as a second detector). The light receiver 30
receives light (also referred to as transmitted light of the
interferogram L1) L2 passing through the sample SP and
outputs a light-reception signal S1 (also referred to as a
first light-reception signal) and a light-reception signal S2
(also referred to as a second light-reception signal). The
detector 31 receives a wavelength component in a wave-
length band (also referred to as a first wavelength band)
of which a spectrum is calculated and outputs the light-
reception signal S1. The detector 32 receives a wave-
length component in a wavelength band (also referred
to as a second wavelength band) different from the wave-
length band of which the spectrum is calculated and out-
puts the light-reception signal S2.

[0023] The detector 31 is provided to calculate a spec-
trum in a prescribed wavelength band (also referred to
as a first wavelength band) which is analyzed, and the
detector 32 is provided to acquire noise due to a change
with time in optical characteristics of the sample SP. In
designing the Fourier spectroscopic analyzer 1, the first
wavelength band can be set to an arbitrary wavelength
band. In the first embodiment, it is assumed that the first
wavelength band ranges from 1 [pum] to 2.5 [um] and the
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second wavelength band ranges from 0.5 [um] to 1 [um].
[0024] The detectors 31 and 32 may be of the same
type or of different types. For example, both of the de-
tectors 31 and 32 may receive wavelength components
in a wavelength band (also referred to as a third wave-
length band) including the first wavelength band and the
second wavelength band and may be of the same type.
Alternatively, the detector 31 may have arelatively higher
detection sensitivity to a wavelength component in the
first wavelength band than a wavelength component in
the second wavelength band, and the detector 32 may
have a relatively higher detection sensitivity to a wave-
length component in the second wavelength band than
a wavelength component in the first wavelength band
and be of a different type.

[0025] When the detectors 31 and 32 which are of the
same type are used, it is necessary to provide a divider
that divides the first wavelength band and the second
wavelength band, to cause a wavelength component in
the first wavelength band to be incident on the detector
31, and to cause a wavelength component in the second
wavelength band to be incident on the detector 32. De-
tails of the divider will be described later. On the other
hand, when the detectors 31 and 32 which are of different
types are used, the same divider as the aforementioned
divider may be provided or the divider may be omitted.
[0026] The signal processor 40 performs a process of
calculating a spectrum from which noise due to a change
with time in optical characteristics of the sample SP has
been removed using the light-reception signal S1 output
from the detector 31 of the light receiver 30 and the light-
reception signal S2 output from the detector 32. The sig-
nal processor 40 outputs a signal indicating the spectrum
calculated through the aforementioned process to the
outside or displays the signal on a display device which
is not illustrated, for example, a liquid crystal display de-
vice.

<First example of light receiver>

[0027] FIG. 2Ais a block diagram illustrating a first ex-
ample of the light receiver which is provided in the Fourier
spectroscopic analyzeraccording to the firstembodiment
oftheinvention. Asiillustrated in FIG. 2A, the lightreceiver
30 in this example includes a dichroic mirror 33 (also
referred to as a divider) in addition to the detectors 31
and 32. In this example, both of the detectors 31 and 32
can receive a wavelength component in a wavelength
band (also referred to as a third wavelength band) includ-
ing the first wavelength band and the second wavelength
band.

[0028] As illustrated in FIG. 2B, the dichroic mirror 33
has optical characteristics of reflecting a wavelength
component in a first wavelength band WB1 out of wave-
length components included in light L2 passing through
the sample SP and transmitting a wavelength component
in a second wavelength band WB2. The dichroic mirror
33 ideally has optical characteristics of fully reflecting the
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wavelength componentin the first wavelength band WB1
and fully transmitting the wavelength component in the
second wavelength band WB2, but may have optical
characteristics of partially transmitting the wavelength
component in the first wavelength band WB1 as illustrat-
ed in FIG. 2B.

[0029] For example, as illustrated in FIG. 2B, the dich-
roic mirror 33 may have optical characteristics in which
a reflectance for wavelength components of both ends
of the first wavelength band WB1, that is, wavelength
components of wavelengths close to wavelengths 11 and
A2 defining boundaries of the first wavelength band WB1
and the second wavelength band WB2, decreases grad-
ually, thatis, a transmittance increases gradually. In FIG.
2B, for the purpose of easy understanding, the optical
characteristics of the dichroic mirror 33 at both ends of
the first wavelength band WB1 are illustrated in an ex-
aggerated manner.

[0030] Whenthe detectors 31 and 32 are inversely dis-
posed, the dichroic mirror 33 having inverse optical char-
acteristics can be used. That is, when the detector 31 is
disposed at the position of the detector 32 in FIG. 2A and
the detector 32 is disposed at the position of the detector
31 in FIG. 2A, a dichroic mirror 33 having optical char-
acteristics of transmitting a wavelength componentin the
first wavelength band WB1 out of the wavelength com-
ponents included in light L2 passing through the sample
SP and reflecting the wavelength component in the sec-
ond wavelength band WB2 can be used.

<Second example of light receiver>

[0031] FIG. 3Ais a block diagram illustrating a second
example of the light receiver which is provided in the Fou-
rier spectroscopic analyzer according to the first embod-
iment of the invention. As illustrated in FIG. 3A, the light
receiver 30 in this example includes a half mirror 34 (also
referred to as a divider), a filter 35 (a divider, which is
also referred to as a first filter), and a filter 36 (a divider,
which is also referred to as a second filter) in addition to
the detectors 31 and 32. In this example, similarly to the
first example, both of the detectors 31 and 32 can receive
a wavelength component in a wavelength band (also re-
ferred to as a third wavelength band) including the first
wavelength band and the second wavelength band.

[0032] The half mirror 34 divides the light L2 passing
through the sample SP into light (also referred to as first
light) traveling to the detector 31 and light (also referred
to as second light) traveling to the detector 32. The filter
35 is disposed on an optical path between the half mirror
34 and the detector 31. As illustrated in FIG. 3B, the filter
35 has optical characteristics of transmitting a wave-
length component in the first wavelength band WB1 and
not transmitting a wavelength component in the second
wavelength band WB2. That is, the filter 35 has optical
characteristics of extracting a wavelength component in
the first wavelength band WB1 and causing the extracted
wavelength component to be incident on the detector 31.
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The filter 36 is disposed on an optical path between the
half mirror 34 and the detector 32. As illustrated in FIG.
3B, the filter 36 has optical characteristics of transmitting
awavelength component in the second wavelength band
WB2 and not transmitting a wavelength component in
the first wavelength band WB1. That is, the filter 36 has
optical characteristics of extracting a wavelength com-
ponentin the second wavelength band WB2 and causing
the extracted wavelength component to be incident on
the detector 32.

[0033] The filter 35 ideally has optical characteristics
of transmitting only a wavelength component in the first
wavelength band WB1 and the filter 36 ideally has optical
characteristics of transmitting only a wavelength compo-
nent in the second wavelength band WB2. However, as
illustrated in FIG. 3B, the filter 35 may have optical char-
acteristics of partially transmitting the wavelength com-
ponentin the second wavelength band WB2 and the filter
36 may have optical characteristics of partially transmit-
ting the wavelength component in the first wavelength
band WB1. In FIG. 3B, for the purpose of easy under-
standing, the optical characteristics of filters 35 and 36
in the vicinity of a wavelength A2 defining a boundary
between the first wavelength band WB1 and the second
wavelength band WB2 are illustrated in an exaggerated
manner.

[0034] Whenthe detectors 31 and 32 are inversely dis-
posed, the filters 35 and 36 can be inversely disposed.
Thatis, when the detector 31 is disposed at the position
of the detector 32 in FIG. 3A and the detector 32 is dis-
posed at the position of the detector 31 in FIG. 3A, the
filter 35 can be disposed at the position of the filter 36 in
FIG. 3A and the filter 36 can be disposed at the position
of the filter 35 in FIG. 3A.

<Third example of light receiver>

[0035] FIG. 4A is a block diagram illustrating a third
example of the light receiver which is provided in the Fou-
rier spectroscopic analyzer according to the first embod-
iment of the invention. As illustrated in FIG. 4A, the light
receiver 30 in this example includes detectors 31 and 32
that are sequentially disposed on an optical path of the
light L2 passing through the sample SP. In this example,
as illustrated in FIG. 4B, the detector 31 has a higher
detection sensitivity to a wavelength component in the
first wavelength band WB1 than to the wavelength com-
ponent in a second wavelength band WB2. The detector
32 has a higher detection sensitivity to a wavelength com-
ponent in the second wavelength band WB2 than to a
wavelength component in the first wavelength band
WB1.

[0036] Inthis example, forexample, anInGaAs (indium
gallium arsenide) photo diode can be used as the detec-
tor 31. A Si (silicon) photo diode can be used as the de-
tector 32. The InGaAs photo diode has a high detection
sensitivity to light in a wavelength band of about 1 [um]
to 2.5 [wm]. The Si photo diode has a high detection sen-
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sitivity to light in a wavelength band of about 0.3 [um] to
1 [pm].

[0037] In the light receiver 30 according to this exam-
ple, when the light L2 passing through the sample SP is
incident on the detector 31, a wavelength component in
the first wavelength band WB1 is absorbed and convert-
ed to a light-reception signal S1. When the transmitted
light is incident on the detector 32 via the detector 31, a
wavelength component in the second wavelength band
WB2 is absorbed and converted to a light-reception sig-
nal S2. The detectors 31 and 32 may be inversely dis-
posed on the optical path of the light L2 passing through
the sample SP. The detectors 31 and 32 may be disposed
in a superimposed state on the optical path of the light
L2 passing through the sample SP. For example, a de-
tector disclosed in PCT International Publication No.
WO02011/065057 can be used as such a detector.

<First example of signal processor>

[0038] FIG. 5 is a block diagram illustrating a first ex-
ample of the signal processor which is provided in the
Fourier spectroscopic analyzer according to the first em-
bodiment of the invention. As illustrated in FIG. 5, the
signal processor 40 according to this example includes
a noise remover 41 that receives light-reception signals
S1 and S2 and a Fourier transformer 42 that receives an
output signal of the noise remover 41.

[0039] The noise remover 41 performs a process of
removing noise superimposed on the light-reception sig-
nal S1 using the light-reception signal S2. For example,
the noise remover 41 removes noise superimposed on
the light-reception signal S1 by performing a process of
subtracting the light-reception signal S2 from the light-
reception signal S1. As long as noise superimposed on
the light-reception signal S1 can be removed, the process
performed by the noise remover 41 may be an arbitrary
process and is not limited to the process of subtracting
the light-reception signal S2 from the light-reception sig-
nal S1.

[0040] The Fourier transformer 42 calculates a spec-
trum of a wavelength component in the first wavelength
band by performing a Fourier transform process on a
signal output from the noise remover 41. The signal out-
put from the noise remover 41 is a signal from which
noise due to a change with time in optical characteristics
of the sample SP has been removed. Accordingly, noise
due to a change with time in optical characteristics of the
sample SP is removed in the spectrum of the wavelength
component in the first wavelength band calculated by the
Fourier transformer 42.

<Second example of signal processor>

[0041] FIG. 6 is a block diagram illustrating a second
example of the signal processor which is provided in the
Fourier spectroscopic analyzer according to the first em-
bodiment of the invention. As illustrated in FIG. 6, the
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signal processor 40 according to this example includes
a Fourier transformer 43 thatreceives light-reception sig-
nals S1 and S2 and a noise remover 44 that receives an
output signal of the Fourier transformer 43.

[0042] The Fourier transformer 43 calculates a spec-
trum of the light-reception signal S1 (also referred to as
a first spectrum) and a spectrum of the light-reception
signal S2 (also referred to as a second spectrum) by in-
dividually performing a Fourier transform process on the
light-reception signal S1 and the light-reception signal
S2. Since noise due to a change with time in optical char-
acteristics of the sample SP is superimposed on the light-
reception signals S1 and S2 in the same way, noise due
to a change with time in optical characteristics of the sam-
ple SP is superimposed in the spectra of the light-recep-
tion signals S1 and S2 calculated by the Fourier trans-
former 43.

[0043] The noise remover 44 performs a process of
removing the noise superimposed on the spectrum of the
light-reception signal S1 using the spectrum of the light-
reception signal S2. For example, the noise remover 44
removes the noise superimposed on the spectrum of the
light-reception signal S1 by performing a process of sub-
tracting the spectrum of the light-reception signal S2 from
the spectrum of the light-reception signal S1. As long as
the noise superimposed on the spectrum of the light-re-
ception signal S1 can be removed, the process per-
formed by the noise remover 44 may be an arbitrary proc-
ess and is not limited to the process of subtracting the
spectrum of the light-reception signal S2 from the spec-
trum of the light-reception signal S1.

[0044] In the signal processor 40 illustrated in FIG. 6,
the Fourier transformer 43 acquires the spectra of the
light-reception signals S1 and S2 and the noise remover
44 performs the process of removing the noise superim-
posed on the spectrum of the light-reception signal S1.
However, the Fourier transformer 43 may perform only
the Fourier transform process on the light-reception sig-
nals S1 and S2 and the noise remover 44 may calculate
the spectrum of the light-reception signal S1 after per-
forming a noise removing process on a Fourier transform
signal which is a complex signal of the light-reception
signal S1.

[0045] Specifically, the Fourier transformer 43 calcu-
lates a Fourier transform signal which is a complex signal
of the light-reception signal S1 and a Fourier transform
signal which is a complex signal of the light-reception
signal S2 by individually performing the Fourier transform
process on the light-reception signal S1 and the light-
reception signal S2. Then, the noise remover 44 performs
the process of removing noise from the Fourier transform
signal of the light-reception signal S1 by performing a
vector operation on the Fourier transform signal of the
light-reception signal S1 and the Fourier transform signal
of the light-reception signal S2. Finally, the spectrum of
the light-reception signal S1 is calculated from the Fourier
transform signal of the light-reception signal S1 from
which noise has been removed. As a result, since noise
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is removed in consideration of a phase of noise, itis pos-
sible to realize higher analysis accuracy.

<Operation of Fourier spectroscopic analyzer>

[0046] An operation of the Fourier spectroscopic ana-
lyzer having the aforementioned embodiment will be de-
scribed below. In the following description, for the pur-
pose of easy understanding, it is assumed that the signal
processor 40 provided in the Fourier spectroscopic an-
alyzer 1 is the signal processor 40 illustrated in FIG. 6.
When the signal processor 40 provided in the Fourier
spectroscopic analyzer 1 is the signal processor 40 illus-
trated in FIG. 5, the process which is performed by the
signal processor 40 differs but the same result, that is,
the same spectrum, as the signal processor 40 illustrated
in FIG. 6 can be obtained.

[0047] WhenlightLOincluding a plurality of wavelength
components is emitted from the light source 10, the light
L0 is incident on the interferometer 20. The light LO inci-
dent on the interferometer 20 is divided into divided light
L11 traveling to the fixed mirror 22 and divided light L12
traveling to the mobile mirror 23 by the half mirror 21.
The divided light L11 divided by the half mirror 21 is re-
flected by the fixed mirror 22, travels reversely along an
optical path extending from the half mirror 21 to the fixed
mirror 22, and is incident on the half mirror 21. The divided
light L12 divided by the half mirror 21 is reflected by the
mobile mirror 23, travels reversely along an optical path
extending from the half mirror 21 to the mobile mirror 23,
and is incident on the half mirror 21. When the divided
light L11 and L12 is incident on the half mirror 21, they
interfere with each other and thus an interferogram L1 is
acquired.

[0048] Since the mobile mirror 23 provided in the inter-
ferometer 20 reciprocates, wavelength components in-
cluded in the light LO emitted from the light source 10 are
intensity-modulated at different frequencies. For exam-
ple, a wavelength component with a relatively small
wavelength is intensity-modulated at a higher frequency
than a wavelength component with a relatively large
wavelength. The interferogram L1 in which the wave-
length components intensity-modulated at different fre-
quencies are superimposed is acquired by the interfer-
ometer 20.

[0049] The interferogram L1 acquired by the interfer-
ometer 20 is applied to the sample SP and transmitted
light transmitted by the sample SP is incident as light L2
on the light receiver 30. When optical characteristics of
the sample SP changes with time, the light L2 passing
through the sample SP is subjected to modulation cor-
responding to a change with time in optical characteris-
tics of the sample SP. Accordingly, noise including many
low-frequency components, so-called "coloring noise," is
superimposed on the light L1 passing through the sample
SP. It should be noted that all the wavelength compo-
nents included in the light L2 passing through the sample
SP are modulated in the same way due to a change with
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time in optical characteristics of the sample SP and thus
the same noise is superimposed on all the wavelength
components included in the light L2 passing through the
sample SP.

[0050] FIGS. 7A to 7D are diagrams illustrating an ex-
ample of an interferogram passing through a sample ac-
cording to the first embodiment of the invention. FIG. 7A
illustrates an interferogram when the optical character-
istics of the sample SP do not change with time. FIG. 7B
illustrates an interferogram when the optical character-
istics of the sample SP change with time. FIGS. 7A and
7B, a displacement of the mobile mirror 23 of the inter-
ferometer 20 is taken as the horizontal axis, and an in-
tensity of an interferogram is taken as the vertical axis.
FIG. 7C is a diagram illustrating a spectrum, that is, a
wavenumber spectrum of the interferogram illustrated in
FIG. 7A. FIG. 7D is a diagram illustrating a spectrum,
that is, a wavenumber spectrum of the interferogram il-
lustrated in FIG. 7B.

[0051] Aninterferogram passing through a sample SP
of which optical characteristics do not change with time
has a typical shape in which so-called center burstoccurs
as illustrated in FIG. 7A. That is, the intensity is maxi-
mized when the displacement of the mobile mirror 23 is
a specific displacement which is a displacement at which
an optical path difference between the divided light L11
and L12 is zero, and the intensity decreases extremely,
thatis, becomes almost zero, in the other displacements.
A wavenumber spectrum of an interferogram passing
through a sample SP of which optical characteristics do
not change with time has a shape based on the optical
characteristics, that is, absorption characteristics, of the
sample SP as illustrated in FIG. 7C and has a smooth
shape in which noise is not superimposed.

[0052] On the other hand, as illustrated in FIG. 7B, an
interferogram passing through a sample SP of which op-
tical characteristics change with time is the same as the
interferogram illustrated in FIG. 7A in that so-called cent-
er burst occurs. However, when the displacement of the
mobile mirror 23 is a displacement other than the specific
displacement, the intensity does not become almost zero
but changes due to a change with time in optical charac-
teristics of the sample SP. Noise is superimposed on the
wavenumber spectrum of the interferogram passing
through the sample SP of which optical characteristics
change with time as illustrated in FIG. 7D. For example,
noise including many components with a small wave-
number, that is, low-frequency components, that is,
"coloring noise," is superimposed on the wavenumber
spectrum of the interferogram passing through the sam-
ple SP of which optical characteristics change with time.
[0053] In the light L2 incident on the light receiver 30,
a wavelength component in the first wavelength band is
received by the detector 31 and the light-reception signal
S1 is output from the detector 31. In the light L2 incident
on the light receiver 30, a wavelength component in the
second wavelength band is received by the detector 32
and the light-reception signal S2 is output from the de-
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tector 32. The light-reception signal S1 output from the
detector 31 and the light-reception signal S2 output from
the detector 32 are input to the signal processor 40 illus-
trated in FIG. 6.

[0054] When the light-reception signals S1 and S2 are
input to the signal processor 40, the Fourier transformer
43 performs a process of calculating the spectrum of the
light-reception signal S1 and the spectrum of the light-
reception signal S2 by individually performing the Fourier
transform process on the light-reception signal S1 and
the light-reception signal S2. The spectra calculated by
the Fourier transformer 43, that is, the spectrum of the
light-reception signal S1 and the spectrum of the light-
reception signal S2 are output to the noise remover 44
and the process of removing noise superimposed on the
spectrum of the light-reception signal S1 using the spec-
trum of the light-reception signal S2 is performed. For
example, the process of subtracting the spectrum of the
light-reception signal S2 from the spectrum of the light-
reception signal S1 is performed by the noise remover
44. By performing this process, a spectrum in which noise
due to a change with time in optical characteristics of the
sample SP has been removed, that is, a spectrum of a
wavelength component in the first wavelength band, is
calculated.

[0055] FIGS. 8A to 8C are diagrams illustrating the
principle that noise is removed in the first embodiment
of the invention. FIG. 8A is a diagram illustrating an ex-
ample of the spectrum of the light-reception signal S1.
FIG. 8B is a diagram illustrating an example of the spec-
trum of the light-reception signal S2. The light-reception
signal S1 output from the detector 31 is a signal which
is acquired by receiving a wavelength component includ-
edinthe firstwavelength band, and noise due toa change
with time in optical characteristics of the sample SP is
superimposed on the light-reception signal S1. Accord-
ingly, the spectrum of the light-reception signal S1 cal-
culated by the Fourier transformer 43 has a shape cor-
responding to absorption characteristics which are opti-
cal characteristics of the sample SP as illustrated in FIG.
8A. Noise due to a change with time in optical character-
istics of the sample SP is superimposed on the spectrum
of the light-reception signal S1 calculated by the Fourier
transformer 43.

[0056] On the other hand, the light-reception signal S2
output from the detector 32 is a signal which is acquired
by receiving a wavelength component included in the
second wavelength band which is different from the first
wavelength band, and the same noise as the noise su-
perimposed on the light-reception signal S1 is superim-
posed on the light-reception signal S2. Accordingly, the
spectrum of the light-reception signal S2 calculated by
the Fourier transformer 43 represents the spectrum of
the noise due to a change with time in optical character-
istics of the sample SP as illustrated in FIG. 8B. The
reason the spectrum of the light-reception signal S2 be-
comes such a spectrum is that all the wavelength com-
ponents included in light L2 passing through the sample
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SP are modulated in the same way according to a change
with time in optical characteristics of the sample SP and
thus the same noise is superimposed on all the wave-
length components included in the light L2 passing
through the sample SP.

[0057] Accordingly, for example, the noise remover 44
performs a process of subtracting the spectrum of the
light-reception signal S2 illustrated in FIG. 8B from the
spectrum of the light-reception signal S1 illustrated in
FIG. 8A, and thus the spectrum from which noise due to
achange with time in optical characteristics of the sample
SP is removed, that is, the spectrum of the wavelength
component in the first wavelength band, is calculated as
illustrated in FIG. 8C. Noise due to a change with time in
optical characteristics of the sample SP is removed in
this principle.

[0058] As described above, according to the first em-
bodiment, a sample SP is irradiated with an interferogram
L1 acquired by the interferometer 20, a light-reception
signal S1 is acquired by receiving a wavelength compo-
nent in a first wavelength band which is a wavelength
band in which a spectrum is calculated out of wavelength
components included in light L2 passing through the
sample SP, a light-reception signal S2 is acquired by
receiving a wavelength component in a second wave-
length band different from the first wavelength, and a
spectrum of the wavelength component in the first wave-
length with removed noise is calculated using the light-
reception signals S1 and S2. In this way, according to
the first embodiment, since noise due to a change with
time in optical characteristics of a sample SP is removed,
it is possible to realize high analysis accuracy even if the
optical characteristics of the sample SP change with time.

[Second embodiment]

[0059] FIG. 9is a block diagram illustrating a principal
configuration of a Fourier spectroscopic analyzer accord-
ing to a second embodiment of the invention. As illustrat-
ed in FIG. 9, the Fourier spectroscopic analyzer 2 ac-
cording to the second embodiment has a configuration
in which a light source 50 (also referred to as a second
light source) and a light coupling optical system 60 are
added to the Fourier spectroscopic analyzer 1 illustrated
in FIG. 1. In the Fourier spectroscopic analyzer 2 having
this configuration, it is possible to achieve improvement
in analysis accuracy by compensating for a deficient
quantity of lightin a second wavelength band, that is, by
supplementing wavelength components in the second
wavelength band.

[0060] An energy density of a halogen lamp in a wave-
length band on a short wavelength side, that is, a wave-
length band included in the second wavelength band,
tends to decrease. Accordingly, when a halogen lamp is
used as the light source 10, a likelihood that an S/N ratio,
that is, a signal-to-noise ratio, of a light-reception signal
S2 which is acquired by receiving a wavelength compo-
nent included in the second wavelength band and which
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is output from the detector 32 will decrease and analysis
accuracy will decrease is conceivable. When a halogen
lamp is used as the light source 10 of the Fourier spec-
troscopic analyzer 2 according to the second embodi-
ment, it is possible to achieve improvement in analysis
accuracy by compensating for a deficient quantity of light
in the second wavelength band using the light source 50
to improve the S/N ratio of the light-reception signal S2.
[0061] The light source 50 is a light source that is pro-
vided to compensate for a deficient quantity of light in the
second wavelength band. For example, a light source
including a semiconductor light-emitting element such as
an LD or an LED can be used as the light source 50. At
least a part of a wavelength band of light L10 emitted
from the light source 50 has only to be included in the
second wavelength band. Here, the wavelength band of
the light L10 emitted from the light source 50 has to im-
prove the S/N ratio of the light-reception signal S2 output
from the detector 32. Accordingly, the wavelength band
needs to be a wavelength band in which a quantity of
light received by the detector 32 is increased. For exam-
ple, an LED using GaAs (gallium arsenide) as a major
material and emitting light L10 in a wavelength band of
about 0.6 [um] to 1 [um] can be used as the light source
50.

[0062] The light coupling optical system 60 is provided
between the interferometer 20 and the sample SP and
couples light emitted from the interferometer 20, that is,
an interferogram L1 acquired by the interferometer 20,
to the light L10 emitted from the light source 50. Light
coupled by the light coupling optical system 60 is applied
to the sample SP. For example, an optical system in
which optical elements such as a half mirror and a mirror
are combined or a light coupler can be used as the light
coupling optical system 60.

[0063] In the second embodiment, the interferogram
L1 acquired by the interferometer 20 is coupled to the
light L10 emitted from the light source 50 by the light
coupling optical system 60. The intensity of the light L10
emitted from the light source 50 does not change with
time or hardly changes. Accordingly, a signal intensity of
the light-reception signal S2 output from the detector 32
is increased by the intensity of the light L10 emitted from
the light source 50. Accordingly, the S/N ratio of the light-
reception signal S2 isimproved. As aresult, with the Fou-
rier spectroscopic analyzer 2 according to the second
embodiment, it is possible to achieve improvement in
analysis accuracy even when a halogen lamp is used as
the light source 10.

[Third embodiment]

[0064] FIG. 10is ablock diagramillustrating a principal
configuration of a Fourier spectroscopic analyzer accord-
ing to a third embodiment of the invention. As illustrated
in FIG. 10, the Fourier spectroscopic analyzer 3 accord-
ing to the third embodiment has a configuration in which
a light source 50 and a light coupling optical system 60
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are added to the Fourier spectroscopic analyzer 1 illus-
trated in FIG. 1 similarly to the Fourier spectroscopic an-
alyzer 2 illustrated in FIG. 9. With the Fourier spectro-
scopic analyzer 3 according to the third embodiment,
similarly to the Fourier spectroscopic analyzer 2 illustrat-
ed in FIG. 9, it is also possible to achieve improvement
in analysis accuracy by compensating for a deficient
quantity of light in a second wavelength band.

[0065] Thelightsource 50 and the light coupling optical
system 60 illustrated in FIG. 10 are the same as the light
source 50 and the light coupling optical system 60 illus-
trated in FIG. 9. In the Fourier spectroscopic analyzer 2
illustrated in FIG. 9, the light coupling optical system 60
is provided between the interferometer 20 and the sam-
ple SP. On the other hand, in the Fourier spectroscopic
analyzer 3 according to the third embodiment, the light
coupling optical system 60 is provided between the light
source 10 and the interferometer 20.

[0066] In the third embodiment, light LO emitted from
the light source 10 is coupled to light L10 emitted from
the light source 50 by the light coupling optical system
60 and then the resultant light is incident on the interfer-
ometer 20. That is, a quantity of light in the second wave-
length band of the light LO emitted from the light source
10 is supplemented by the light L10 emitted from the light
source 50 and then is incident to the interferometer 20.
Since the quantity of lightin the second wavelength band
of light which is incident on the interferometer 20 is sup-
plemented, a quantity of light in the second wavelength
band of an interferogram L1 acquired by the interferom-
eter 20 is also supplemented.

[0067] In the third embodiment, similarly to the second
embodiment, the intensity of the light L10 emitted from
the light source 50 does not change with time or hardly
changes. Accordingly, a signal intensity of the light-re-
ception signal S2 output from the detector 32 is increased
by the intensity of the light L10 emitted from the light
source 50, the S/N ratio of the light-reception signal S2
is improved. Accordingly, with the Fourier spectroscopic
analyzer 3 according to the third embodiment, it is pos-
sible to achieve improvement in analysis accuracy even
when a halogen lamp is used as the light source 10.
[0068] While the Fourier spectroscopic analyzers ac-
cording to the first to third embodiments of the invention
have been described above, the invention is not limited
to the embodiments and can be freely modified within
the scope of the invention. For example, in the aforemen-
tioned embodiments, the signal processor 40 immediate-
ly performs processing using the light-reception signals
S1and S2 output from the detectors 31 and 32. However,
the light-reception signals S1 and S2 output from the de-
tectors 31 and 32 may be stored in a memory and the
signal processor 40 may perform the processing later.
[0069] In the aforementioned embodiments, it has
beenassumed above thatthe firstwavelength band rang-
es from about 1 [um] to 2.5 [um] and the second wave-
length band ranges from about 0.5 [um] to 1 [um], that
is, that the second wavelength band is closer to the short
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wavelength side than the first wavelength band. Howev-
er, the second wavelength band may be closer to a long
wavelength side than the second wavelength band.
When the second wavelength band is closer to the long
wavelength side than the first wavelength band, a light
source that can supplement a quantity of lightin the sec-
ond wavelength band which is closer to the long wave-
length side than the first wavelength band can be used
as the light source 50 in the Fourier spectroscopic ana-
lyzers 2 and 3 according to the second and third embod-
iments.

[0070] Inthe second embodiment, anexampleinwhich
the light L10 emitted from the light source 50 is coupled
to the interferogram L1 acquired by the interferometer 20
has beendescribed. In the third embodiment, an example
in which the light L10 emitted from the light source 50 is
coupled to the light LO emitted from the light source 10
has been described. When a quantity of light in the sec-
ond wavelength band is deficient, the second embodi-
ment and the third embodiment may be combined. That
is, two light sources 50 may be provided, light L10 emitted
from one light source 50 may be coupled to light LO emit-
ted from the light source 10, and light L10 emitted from
the other light source 50 may be coupled to an interfero-
gram L1 acquired by the interferometer 20.

[Examples]

[0071] The inventor of the present application actually
manufactured the Fourier spectroscopic analyzer ac-
cording to the first embodiment and evaluated charac-
teristics thereof. FIG. 11 is a block diagram illustrating a
principal configuration of a Fourier spectroscopic analyz-
er according to an example. In FIG. 11, elements corre-
sponding to the elements illustrated in FIG. 1 will be re-
ferred to by the same reference signs. In FIG. 11, the
light source 10 in FIG. 1 is not illustrated. For example,
a halogen lamp having a wavelength band width of about
350 [nm] to 4500 [nm] was used as the light source 10.
[0072] As illustrated in FIG. 11, the Fourier spectro-
scopic analyzer 4 according to this example includes an
immersion probe 70 in addition to a light source 10 which
is notillustrated, an interferometer 20, a light receiver 30,
and a signal processor 40. A tip of the immersion probe
70isimmersedin asample SP suchthataninterferogram
L1 acquired by the interferometer 20 is guided to the sam-
ple SP and light L2 passing through the sample SP is
guided to the light receiver 30.

[0073] The interferometer 20 and the immersion probe
70 are connected to each other via an optical fiber FB1.
The immersion probe 70 and the light receiver 30 are
connected to each other via an optical fiber FB2. Accord-
ingly, the interferogram L1 acquired by the interferometer
20 is guided to the immersion probe 70 via the optical
fiber FB1. The interferogram L1 guided to the immersion
probe 70 is guided into the sample SP by the immersion
probe 70. Light guided into the sample SP by the immer-
sion probe 70, thatis, light L2 passing through the sample
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SP, is guided to the light receiver 30 via the optical fiber
FB2.

[0074] The light receiver 30 includes a divider 37 in
addition to detectors 31 and 32. The divider 37 includes
one input terminal and two output terminals. The light
receiver 30 divides light input from the input terminal into
two light components at an intensity ratio of 1:1 and out-
puts the divided light components from the two output
terminals. The divider 37 may divide light input from the
input terminal at an intensity ratio other than 1:1. The
divider 37 has the same function as the half mirror 34
illustrated in FIG. 3A.

[0075] The optical fiber FB2 is connected to the input
terminal of the divider 37. Ends of optical fibers FB21 and
FB22 are connected to the two output terminals of the
divider 37. The other end of the optical fiber FB21 is con-
nected to the detector 31. The other end of the optical
fiber FB22 is connected to the detector 32. Accordingly,
light guided from the immersion probe 70 to the light re-
ceiver 30 via the optical fiber FB2 is divided into two light
components by the divider 37. One of the divided light
components is guided to the detector 31 by the optical
fiber FB21. The other of the divided light components is
guided to the detector 32 by the optical fiber FB22.
[0076] An InGaAs photo diode with a high detection
sensitivity to light in a wavelength band of about 1 [um]
to 2.5 [wm] is used as the detector 31. An InGaAs photo
diode with a high detection sensitivity to light in a wave-
length band of about 500 to 1.7 [uwm] is used as the de-
tector 32.

[0077] The signal processor 40 includes Fourier trans-
formers 43a and 43b and a spectrum calculator 45. The
Fourier transformers 43a and 43b individually perform a
Fourier transform process on a light-reception signal S1
output from the detector 31 and a light-reception signal
S2 output from the detector 32. Accordingly, a Fourier
transform signal which is a complex signal of the light-
reception signal S1 and a Fourier transform signal which
is a complex signal of the light-reception signal S2 are
acquired.

[0078] The spectrum calculator 45 performs a process
of removing noise from the Fourier transform signal of
the light-reception signal S1 by performing a vector op-
eration of the Fourier transform signal of the light-recep-
tion signal S1 acquired by the Fourier transformer 43a
and the Fourier transform signal of the light-reception
signal S2 acquired by the Fourier transformer 43b. In this
example, in order to achieve higher analysis accuracy,
noise is removed through the vector operation in consid-
eration of a phase of noise. The spectrum calculator 45
calculates a spectrum of the light-reception signal S1
from the Fourier transform signal of the light-reception
signal S1 from which noise has been removed.

[0079] In this example, a sample SP in which potato
starch was dispersed in water to simulate a cell culture
solution was used. Specifically, a sample SP in which 5
[g] to 10 [g] of potato starch was dispersed in 1.5x10-3
[m-3], that is, 1.5 liter, of water was used. This sample
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SP was contained in a vessel VS, a surrounding temper-
ature of the vessel VS was maintained at room temper-
ature, and measurement was performed using the Fou-
rier spectroscopic analyzer 1 illustrated in FIG. 11 while
agitating the sample SP at an agitation speed of 80 [rpm]
to 160 [rpm].

[0080] FIG.12isadiagramillustrating a resultof meas-
urement of an interferogram passing through a sample
according to the example. In FIG. 12, similarly to FIGS.
7A and 7B, a displacement of the mobile mirror 23 pro-
vided in the interferometer 20 and illustrated in FIG. 1 is
taken as the horizontal axis, and an intensity of an inter-
ferogram is taken as the vertical axis. The vertical axis
in FIG. 12 is enlarged to five times the vertical axis illus-
trated in FIGS. 7A and 7B in consideration of visibility.
That is, the scale of the vertical axis is set to five times.
[0081] Aninterferogram IF1 illustrated in FIG. 12is ac-
quired from a light-reception signal S1 output from the
detector 31. Aninterferogram IF2 is acquired from a light-
reception signal S2 output from the detector 32. Referring
to FIG. 12, intensities of both the interferograms IF1 and
IF2 hardly become zero but change due to a change with
time of optical characteristics of the sample SP similarly
to the interferogram illustrated in FIG. 7B.

[0082] FIGS. 13A and 13B are diagrams illustrating
spectra, that is, wavenumber spectra, of the interfero-
grams illustrated in FIG. 12. FIG. 13A is a diagram illus-
trating a wavenumber spectrum in wavenumber range
of 0 [cm-1]t0 5000 [cm']. FIG. 13Bis an enlarged diagram
illustrating a wavenumber spectrum in wavenumber
range of 4000 [cm~1] to 5000 [cm-"]. In this example, the
wavenumber range of 4000 [cm1] to 5000 [cm-1] which
is enlarged in FIG. 13B is an analysis target range, that
is, a wavelength band which is an analysis target.
[0083] The wavenumber spectrum WSH1 illustrated in
FIGS. 13A and 13B is acquired by performing a Fourier
transform process on the interferogram IF1 illustrated in
FIG. 12, that is, the light-reception signal S1. That is, the
wavenumber spectrum WS1 illustrated in FIGS. 13A and
13B has not been subjected to removal of noise due to
achange with time in optical characteristics of the sample
SP. On the other hand, noise due to a change with time
in optical characteristics of the sample SP has been re-
moved from the wavenumber spectrum WS2 illustrated
in FIGS. 13A and 13B.

[0084] The wavenumber spectrum WS2 is acquired by
performing the following process. First, the Fourier trans-
formers 43a and 43b illustrated in FIG. 11 individually
perform a Fourier transform process on the interfero-
grams IF1 and IF2 illustrated in FIG. 12, that is, the light-
reception signals S1 and S2. Then, the spectrum calcu-
lator 45 illustrated in FIG. 11 performs a process of re-
moving noise from the Fourier transform signal of the
light-reception signal S1 by performing a vector operation
of the Fourier transform signal which is a complex signal
of the light-reception signal S1 and a Fourier transform
signal which is a complex signal of the light-reception
signal S2. Then, the spectrum calculator 45 calculates
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the spectrum of the light-reception signal S1 from the
Fourier transform signal of the light-reception signal S1
from which noise has been removed.

[0085] Referring to FIGS. 13A and 13B, so-called
"coloring noise" which is noise including many compo-
nents with a small wavenumber, that is, low-frequency
components, is superimposed on the wavenumber spec-
trum WS1. Accordingly, fine sawtooth shapes which ap-
peared in the waveform of the wavenumber spectrum
WS appear in the waveform of the wavenumber spectrum
WS1. On the other hand, fine sawtooth shapes hardly
appear in the waveform of the wavenumber spectrum
WS2. Accordingly, it could be ascertained from the wav-
enumber spectrum WS2 that a spectrum of noise due to
achange with time in optical characteristics of the sample
SP was removed from the wavenumber spectrum WS1.
[0086] FIGS. 14A and 14B are diagrams illustrating a
result of measurement of an absorbance spectrum in the
example. FIG. 14A illustrates an absorbance spectrum
in air. FIG. 14B illustrates a difference spectrum indicat-
ing a difference between the absorbance spectrumiillus-
trated in FIG. 14A and an absorbance spectrum in water.
FIGS. 14A and 14B illustrate only a wavelength band
which is an analysis target, that is, a wavenumber range
of 4000 [cm-1] to 5000 [ecm-"].

[0087] The absorbance spectrum AB1 illustrated in
FIG. 14A is calculated from the wavenumber spectrum
WS1 illustrated in FIGS. 13A and 13B. The absorbance
spectrum AB2 is calculated from the wavenumber spec-
trum WS2 illustrated in FIGS. 13A and 13B. The differ-
ence spectrum DF1 illustrated in FIG. 14B indicates a
difference between the absorbance spectrum AB1 illus-
trated in FIG. 14A and the absorbance spectrum in water.
The difference spectrum DF2 illustrated in FIG. 14B in-
dicates a difference between the absorbance spectrum
AB2illustrated in FIG. 14A and the absorbance spectrum
in water.

[0088] FIG. 15 is a diagram illustrating imbalance of
the difference spectrum illustrated in FIG. 14B. In FIG.
15, a standard deviation every wavenumber 100 [cm-1]
is illustrated to quantify the imbalance of the difference
spectrum illustrated in FIG. 14B. In FIG. 15, only a wave-
length band in which the standard deviation is less than
0.1, that is, a wavenumber range of 4350 [cm~'] to 4850
[em™1], in the wavenumber range of 4000 [cm™"] to 5000
[em-1], is illustrated.

[0089] The standard deviation SD1 illustrated in FIG.
15 represents the imbalance of the difference spectrum
DF1 illustrated in FIG. 14B. The standard deviation SD2
represents the imbalance of the difference spectrum DF2
illustrated in FIG. 14B. Referring to FIG. 15, it can be
seen that the standard deviation SD2 is about half the
standard deviation SD1. That is, it can be ascertained
that the imbalance of the difference spectrum DF2 illus-
trated in FIG. 14B is reduced to half the imbalance of the
difference spectrum DF1 illustrated in FIG. 14B by re-
moving the spectrum of noise due to a change with time
in optical characteristics of the sample SP.
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[Reference Signs List]

[0090]

1 to 4: Fourier spectroscopic analyzer
10: Light source

20: Interferometer

30: Light receiver

31, 32: Detector

33: Dichroic mirror

34: Half mirror

35, 36: Filter

40: Signal processor

50: Light source

60: Light coupling optical system
L1: Interferogram

L2: Light

L10: Light

Sl, S2: Light-reception signal
SP: Sample

WBH1: First wavelength band
WB2: Second wavelength band

Claims

1.

A Fourier spectroscopic analyzer comprising:

a first light source that emits light including a
wavelength component in a first wavelength
band which is a wavelength band in which a
spectrum of light passing through a sample is
acquired and a wavelength componentin a sec-
ond wavelength band different from the first
wavelength band;

a second light source that emits light including
the wavelength component in the second wave-
length band;

an interferometer that acquires an interferogram
whichis coherentlight fromthe light emitted from
the first light source;

a first light coupling optical system that couples
light emitted from the second light source to at
least one of light emitted from the first light
source and the interferogram acquired by the
interferometer;

a light receiver that outputs a first light-reception
signal acquired by receiving light including the
wavelength component in the first wavelength
band out of the wavelength components includ-
ed in the light passing through the sample and
a second light-reception signal acquired by re-
ceiving light including the wavelength compo-
nent in the second wavelength band; and

a signal processor that performs a Fourier trans-
form process on the first light-reception signal
and the second light-reception signal to acquire
a spectrum of the wavelength component in the
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first wavelength band with noise removed there-
from.

The Fourier spectroscopic analyzer according to
claim 1, wherein the first light coupling optical system
is provided between the interferometer and the sam-
ple and couples light emitted from the second light
source to the interferogram acquired by the interfer-
ometer.

The Fourier spectroscopic analyzer according to
claim 1, wherein the first light coupling optical system
is provided between the first light source and the
interferometer and couples light emitted from the
second light source to light emitted from the first light
source.

The Fourier spectroscopic analyzer according to any
one of claims 1 to 3, wherein the light receiver com-
prises:

a first detector configured to receive a wave-
length component in a third wavelength band
including the first wavelength band and the sec-
ond wavelength band;

a second detector configured to receive the
wavelength component in the third wavelength
band; and

a divider configured to divide the light passing
through the sample into the wavelength compo-
nent in the first wavelength band which is inci-
dent on the first detector and the wavelength
component in the second wavelength band
which is incident on the second detector.

The Fourier spectroscopic analyzer according to
claim 4, wherein the divider comprises a dichroic mir-
ror that reflects the wavelength component in the
first wavelength band and transmits the wavelength
component in the second wavelength band.

The Fourier spectroscopic analyzer according to
claim 4, wherein the divider comprises a dichroic mir-
ror that transmits the wavelength component in the
first wavelength band and reflects the wavelength
component in the second wavelength band.

The Fourier spectroscopic analyzer according to
claim 4, wherein the divider comprises:

a half mirror that divides the light passing
through the sample into first light traveling to the
first detector and second light traveling to the
second detector;

a first filter that extracts the wavelength compo-
nentin the first wavelength band from the wave-
length component included in the first light and
causes the extracted wavelength component to
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8.

10.

1.

12.

13.

26

be incident on the first detector; and

a second filter that extracts the wavelength com-
ponent in the second wavelength band from the
wavelength component included in the second
lightand causes the extracted wavelength com-
ponent to be incident on the second detector.

The Fourier spectroscopic analyzer according to any
one of claims 1 to 3, wherein the light receiver com-
prises:

a first detector in which a detection sensitivity to
the wavelength component in the first wave-
length band is higher than that to the wavelength
component in the second wavelength band; and
asecond detectorin which a detection sensitivity
to the wavelength component in the second
wavelength band is higher than that to the wave-
length component in the first wavelength band.

The Fourier spectroscopic analyzer according to
claim 8, wherein the first detector and the second
detector are sequentially disposed on an optical path
of the light passing through the sample.

The Fourier spectroscopic analyzer according to any
one of claims 1 to 9, wherein the signal processor:

individually performs the Fourier transform proc-
essonthefirstlight-reception signal and the sec-
ond light-reception signal to acquire a first Fou-
rier transform signal for the first light-reception
signal and a second Fourier transform signal for
the second light-reception signal;

removes noise from the first Fourier transform
signal on the basis of the first Fourier transform
signal and the second Fourier transform signal;
and

calculates a spectrum of the first light-reception
signal on the basis of the first Fourier transform
signal from which noise has been removed.

The Fourier spectroscopic analyzer according to any
one of claims 1 to 10, wherein the first light source
is a halogen lamp, and

wherein the second light source is alight source com-
prsing a semiconductor light-emitting element.

The Fourier spectroscopic analyzer according to any
one of claims 1 to 11, further comprising a memory
that stores the first light-reception signal and the sec-
ond light-reception signal,

wherein the signal processor calculates the spec-
trum using the first light-reception signal and the sec-
ond light-reception signal which are stored in the
memory.

The Fourier spectroscopic analyzer according to any
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one of claims 1 to 12, wherein the first light source
emits light of 1 [um] to 2.5 [um] as the first wave-
length band and emits light of 0.5 [um] to 1 [um] as
the second wavelength band.

14. The Fourier spectroscopic analyzer according to
claim 2, the Fourier spectroscopic analyzer further
comprising:

a third light source that emits light including the 70
wavelength component in the first wavelength
band; and

a second light coupling optical system that is
provided between the first light source and the
interferometer and couples light emitted from 15
the third light source to light emitted from the
first light source.

15. The Fourier spectroscopic analyzer according to
claim 3, the Fourier spectroscopic analyzer further 20
comprising:

a third light source that emits light including the
wavelength component in the first wavelength
band; and 25
a second light coupling optical system that is
provided between the interferometer and the
sample and couples light emitted from the third

light source to the interferogram acquired by the
interferometer. 30

35

40

45

50

55

15



EP 3 916 366 A1

FIG. 1
1
20
INTERFEROMETER
| ~—22
Y
/10 A i
LO L11—~ 21 23
LIGHT - J/
SOURCE
L12
—L1
Yy
SAMPLE  ~SP
—~L2
y
_30 _40
LIGHT RECEIVER
31| s
/32 S2 PROCESSOR
DETECTOR S >

16



_30

LIGHT RECEIVER

31

—SP

—32

—~L2

y

EP 3 916 366 A1

SAMPLE

33

FIG. 2A

WB1

IIIIIIIIII

JONVLLINSNYYL/3FONYLO T4

WAVELENGTH

17



EP 3 916 366 A1

FIG. 3A

—SP

SAMPLE

—~L2

30

LIGHT RECEIVER

35 31
36
—32

\

34

FIG. 3B

WB2

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
r

Lo
~ -
-
-
~ -
~
-~

bl
-
™~
-
~ -
~
-~

JONVLLIWSNVYL

WAVELENGTH

18



EP 3 916 366 A1

FIG. 4A

—SP

SAMPLE

—~L2

\)

30

Y 32

PHOTODETECTOR

LIGHT
RECEIVER| 31

PHOTODETECTOR

FIG. 4B

WB2

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
r

-
-~
-
~
~ -
-~
-

~
-~
-
-~ -
-
-~ -
-~

ALTATLTSN3S NOT10313d

WAVELENGTH

19



EP 3 916 366 A1

FIG. 5
_40
SIGNAL PROCESSOR
. 41 42
S2 NOISE | FOURIER
S REMOVER TRANSFORMER
FIG. 6
_40
SIGNAL PROCESSOR
. 43 a4
S2 FOURIER NOISE

TRANSFORMER REMOVER

Yy
Y

20



EP 3 916 366 A1

FIG. 7A
A
>
(V0]
=
S 4
DISPLACEMENT
FIG. 7B
A
-
%)
& W
=

Y

DISPLAGCEMENT

21



FIG. 7C

LEVEL

EP 3 916 366 A1

\j

FIG. 7D

LEVEL

WAVENUMBER [cm~1]

Y

WAVENUMBER [cm~1]

22



FIG. 8A

LEVEL

FIG. 8B

LEVEL

EP 3 916 366 A1

\j

WAVENUMBER [cm™']

WAVENUMBER [cm™1]

23

y



FIG. 8C

LEVEL

EP 3 916 366 A1

WAVENUMBER [cm~1]

24

\j



FIG. 9

_10

LIGHT
SOURCE

EP 3 916 366 A1

N

_20

L11—~

INTERFEROMETER
——1+~22

_50

LIGHT

L10

21

23

SOURCE

\

LIGHT
COUPLING
OPTICAL
SYSTEM

SAMPLE

LIGHT
RECEIVER

" 31

DETECTOR

_40

_32

-

DETECTOR

25

SIGNAL
PROCESSOR




EP 3 916 366 A1

N

_10 _60
LO LIGHT
LIGHT _ COUPLING
SOURCE - OPTICAL
SYSTEM
A
L10—~]
_50
LIGHT
SOURCE

\

26

20
INTERFEROMETER
C———1+~22
\
A -
L11— 21 23
L12
—~L1
Y
SAMPLE ~ —~—SP
—~L2
y
30 40
LIGHT
RECEIVFE/31 S1
DETECTOR S ™ SIGNAL
DETECTOR S -




EP 3 916 366 A1

SA—" dS

3904d NOISHINAI

=

144
—
¥OLYIND YO qey
NYLO3dS
Gy~

144

esh—

o~

e

q—

0L~
284

I3 = AL
A% L&~ 144

B3 =
g~

0g~
NETENEENETL)
02~

[T "DIA

27



FIG. 12

[a.u. ]
O

o

INTENSITY

3

EP 3 916 366 A1

IF2

Y

DISPLAGEMENT

28



FIG.

LEVEL

FIG.

LEVEL

13A

3. OE+05
2. 5E+05
2. OE+05 |

1. 5E+05 |;

1. 0E+05

5. 0E+04 |

13B

A

30000

25000

20000

15000

10000

5000

0 &=

4000

EP 3 916 366 A1

1000

WSZ

L vl ae
.

2000 3000 4000 5000
WAVENUMBER [cm™]

WST

A ;
o sl i d . . ™™ -

4200

4400 4600 4800 5000
WAVENUMBER [cm™]

29



EP 3 916 366 A1

FIG. 14A

A
2

1.8
16}
AR |
12 [HiEY
o
0.8 HlIl
0.6
0.4 | | | ' -

ABSORBANCE

4000 4200 4400 4600 4800 5000
WAVENUMBER [cm™]

FIG. 14B

0.3 /g1
0.25 |f

0.2 |

ABSORBANGE DIFFERENCE

0.15 [

0.1 Ei% EE g::i 1 §='
400 4200 4400 4600 4800 000

WAVENUMBER [cm™]

30



EP 3 916 366 A1

FIG. 15

0.1F
0.09
0.08 -
0.07 ¢
0.06 |
0.05
0.04 -
0.03
0.02 |-
0.01

STANDARD DEVIATION

| ——

4300 4400 4500 4600 4700 4800 4900
WAVENUMBER [cm™']

31



10

15

20

25

30

35

40

45

50

55

EP 3 916 366 A1

INTERNATIONAL SEARCH REPORT International application No.
PCT/JP2020/001871

A. CLASSIFICATION OF SUBJECT MATTER
Int.Cl. G01J3/02(2006.01)1i, G01J3/45(2006.01)1i, GOIN21/27(2006.01)1i
FI: G01J3/45, GO1N21/27B, G01J3/02C

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Int.Cl. G01J3/00-3/52, GO1B9/02, GO1N21/00-21/61

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Published examined utility model applications of Japan 1922-1996
Published unexamined utility model applications of Japan 1971-2020
Registered utility model specifications of Japan 1996-2020
Published registered utility model applications of Japan 1994-2020

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A JP 2008-527375 A (SOLUS BIOSYSTEMS INC.) 1-15
24.07.2008 (2008-07-24), entire text, all drawings

A JP 2013-507005 A (IMRA AMERICA, INC.) 28.02.2013 1-15
(2013-02-28), entire text, all drawings

A JP 2012-515341 A (UNIVERSITY OF HUDDERSFIELD) 1-15
05.07.2012 (2012-07-05), entire text, all drawings

A US 2012/0120404 Al (COFFIN, J. M.) 17.05.2012 1-15
(2012-05-17), entire text, all drawings
A US 2006/0060759 A1l (PREDINA, J. P.) 23.03.2006 1-15
(2006-03-23), entire text, all drawings
P, A WO 2019/059018 Al (YOKOGAWA ELECTRIC CORPORATION) 1-15
28.03.2019 (2019-03-28), entire text, all drawings
I:l Further documents are listed in the continuation of Box C. & See patent family annex.
* Special categories of cited documents: “T”  later document published after the international filing date or priority
“A”  document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
“E”  earlier application or patent but published on or after the international “X”  document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone

citec_l to establish the 'plublication date of another citation or other “Y”  document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
“Q”  document referring to an oral disclosure, use, exhibition or other means co!nbined_with one or more c_)ther _such documents, such combination
“P”  document published prior to the international filing date but later than being obvious to a person skilled in the art
the priority date claimed “&”  document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
12.03.2020 24.03.2020
Name and mailing address of the ISA/ Authorized officer

Japan Patent Office
3-4-3, Kasumigaseki, Chiyoda-ku,
Tokyo 100-8915, Japan Telephone No.

Form PCT/ISA/210 (second sheet) (January 2015)

32



10

15

20

25

30

35

40

45

50

55

EP 3 916 366 A1

INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/JP2020/001871

Jp 2008-527375 A 24.07.2008 Us
WO

EP

JP 2013-507005 A 28.02.2013 Us
WO
CN

JP 2012-515341 A 05.07.2012 Us
WO
EP
US 2012/0120404 Al 17.05.2012 WO
EP
CN
US 2006/0060759 Al 23.03.2006 EP

WO 2019/059018 Al 28.03.2019 JpP

2008/0074646 Al
2006/078366 A2
1842045 A2

2011/0080580 Al
2011/041472 Al
102576971 A

2012/0026508 Al
2010/082066 A2
2387695 A2
2012/064655 Al
2638370 Al
103201604 A
1645854 Al

2019-52994 A

Form PCT/ISA/210 (patent family annex) (January 2015)

33




EP 3 916 366 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

« JP 2019011586 A [0002] * WO 2011065057 A [0037]

Non-patent literature cited in the description
¢ TOMOAKI NANKO. Near-infrared Spectroscopy

System InfraSpec NR800. Yokokawa’s Technical
Report, 2001, vol. 45 (3 [0006]

34



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

